We analyze a silicon/III-V hybrid semiconductor waveguide structure for laser oscillation. We show that, by optimally designing and controlling the resonant supermode behavior in such structures, the modal gain can be enhanced five times compared with that of the existing silicon evanescent laser, while maintaining efficient coupling to outside silicon waveguide circuits. © 2008 Optical Society of America OCIS codes: 250.3140, 130.2790, 130.3120, 140.5960. During the past two decades, there has been an everincreasing pace of activity in the area of realizing laser emission from silicon ͑Si͒ [1] [2] [3] [4] [5] [6] . Recently, we proposed a novel supermode Si/ III-V hybrid waveguide system for laser oscillation, amplification, and modulation [7] . The structure is illustrated in Fig. 1 . The hybrid device consists of two parallel waveguides in close proximity coupled to each other. The top waveguide is fabricated in a III-V compound semiconductor and supplies the gain, and the bottom is a waveguide fabricated in Si. The eigenmodes of this hybrid structure, the supermodes, can be controlled by suitable design of dimensions of the waveguides [7] . The supermode is thus designed such that, in the left region (main body) most of the modal energy is concentrated in the III-V waveguide so that the mode experiences maximal gain, while in the right region near the output facet, the width of the Si waveguide is widened adiabatically so that most of the mode transforms to the Si waveguide for coupling to other Si photonic circuits. The fundamental difference between this scheme and the reported evanescent lasers by Fang et al.
During the past two decades, there has been an everincreasing pace of activity in the area of realizing laser emission from silicon ͑Si͒ [1] [2] [3] [4] [5] [6] . Recently, we proposed a novel supermode Si/ III-V hybrid waveguide system for laser oscillation, amplification, and modulation [7] . The structure is illustrated in Fig. 1 . The hybrid device consists of two parallel waveguides in close proximity coupled to each other. The top waveguide is fabricated in a III-V compound semiconductor and supplies the gain, and the bottom is a waveguide fabricated in Si. The eigenmodes of this hybrid structure, the supermodes, can be controlled by suitable design of dimensions of the waveguides [7] . The supermode is thus designed such that, in the left region (main body) most of the modal energy is concentrated in the III-V waveguide so that the mode experiences maximal gain, while in the right region near the output facet, the width of the Si waveguide is widened adiabatically so that most of the mode transforms to the Si waveguide for coupling to other Si photonic circuits. The fundamental difference between this scheme and the reported evanescent lasers by Fang et al. [6] is the use of supermode coupling rather than evanescent coupling. This makes it possible to fundamentally break the trade-off between the gain available to an optical mode and the output coupling efficiency intrinsic to the hybrid evanescent lasers. Therefore we expect a laser designed with this principle to operate with higher efficiency and be far shorter.
In this paper, we address several issues in engineering the supermode hybrid Si/ III-V waveguide structure for laser oscillation. By optimally designing the III-V wafer layer structure, the III-V waveguide width, the Si waveguide width, and the adiabatic taper, we will show that the modal gain in the supermode resonator can be improved by a factor of 5 compared with that in the reported evanescent lasers. Finally, we will discuss the tolerance of misalignment of the two waveguides during fabrication.
First we focus on the optimal layer structure of the III-V active wafer. In the evanescent laser design by Fang et al. [6] , the quantum wells (QWs) needed to be as close to the Si waveguide as possible to have more of the mode field evanescently penetrating into the QW region. In our supermode scheme, the resonant supermode can have most of the energy concentrated in the III-V waveguide without reducing the distance between the QWs and the Si waveguide. Thus, we seek to engineer the wafer to make full use of the available gain from the QWs. Since all the epi-grown layers must be perfectly lattice matched to the InP substrate, we can, most simply and effectively, modify only the thicknesses of the separate confinement heterostructure (SCH) layer and n-layer of the wafer design in [6] to improve the modal confinement in the QWs. By choosing the thicknesses of the SCH layer and the n-layer to be 80 and 200 nm, respectively, we obtain a maximal confinement factor in the active region (QWs and barriers in between) ⌫ act of 0.348 in the absence of a Si waveguide. This is ϳ30% larger than that of the wafer design presented in [6] calculated under the same condition.
Next we design the constituent waveguides of the hybrid structure. From the supermode theory [8] , the eigenmodes of the coupled waveguides (supermodes) are linear combinations of those of the uncoupled waveguides. The modal field distributions and the phase velocities of the supermodes are determined by the phase mismatch parameter ␦ and the amplitude spatial overlap between the modes of the uncoupled waveguides. In a 2-D geometry, ␦ and are defined as
where 
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In the above expressions, ␤ a and ␤ b are the propagation constants of the uncoupled waveguide modes. M a and M b are small corrections to the propagation constants ␤ a and ␤ b , respectively, due to the presence of the other waveguide. ͑a͒ ͑x , y͒ and ͑b͒ ͑x , y͒ are the power-normalized modal distributions of the uncoupled waveguides. n a ͑x , y͒ , n b ͑x , y͒, and n c ͑x , y͒ are the refractive index profiles of the uncoupled waveguides a and b and the coupled waveguide system c, respectively. By adjusting n a ͑x , y͒, n b ͑x , y͒, and n c ͑x , y͒, we can control ␦ and and thus allocate the energy in each waveguide as desired.
The supermodes of the hybrid waveguides arise from the coupling between all the original modes of the III-V waveguide and the Si waveguide. However, we are interested in the two lowest-order supermodes, which result from the coupling between the fundamental modes of the III-V and the Si waveguides. For the simulation, we use the aforementioned optimal III-V wafer structure with a waveguide width of 3.30 m. The effective index n eff is 3.2588 at the target wavelength of 1.55 m as calculated with a mode solver. The composite hybrid structure consists of the III-V and Si waveguides separated by a 10 nm thick layer of silica, as shown in Fig. 2(e) . The thin silica layer is considered to assist in a low-temperature wafer bonding process [9] . Figures 2(f) and 2(g) show the even and odd supermodes of the hybrid waveguides. We see that, for both even and odd modes, the energy is roughly evenly divided between the III-V and the Si waveguides, as predicted by the supermode theory.
We have shown that the even and odd supermodes coexist in the coupled waveguide system, though propagating at different phase velocities. In practice, we want a single mode to oscillate in such a structure. We can separate the two supermodes by adiabatically tapering the Si waveguide width to provide different amounts of feedback to different modes. Only the mode having stronger feedback will lase. Figure 3 ͑␦ → 0͒ and the energy is also evenly distributed in each waveguide.
In what follows we discuss the influence of the taper in our design. The taper is expected to adiabatically transform the mode at the main body, which has most of the energy confined to the III-V waveguide, to the mode near the end facet for output coupling. From Fig. 3 , we choose to have at the main body a Si waveguide width of 0.51 m and at the output facet a width of 0.89 m, and we use an exponentially shaped taper as the transformer. Ideally we can have an output coupling efficiency of ϳ91%. Figure 4 displays the output power from the Si waveguide normalized by the input power into the taper region as a function of the taper length L. The results were computed using a beam propagation method. As we see, a taper with a length larger than 50 m is sufficient to obtain the expected power conversion. We also notice that, for short taper lengths, the curve is strongly oscillatory with a halfperiodicity of ϳ19 m. Using tapers with lengths corresponding to those resonant coupling points [L = ͑2n −1͒19 m, n =1,2,3] may achieve even higher confinement in Si at the output facet than expected. This behavior, though beyond the adiabatic mode transforming scheme, can be understood by the supermode theory. Generally, in a system of two coupled waveguides, the propagation distance for power transferring from one waveguide to the other is /2 ͱ ␦ 2 + 2 [8] . As the Si waveguide width varies from 0.51 to 0.89 m, ͉␦͉ varies in the range of 0 -142 mm −1 while stays roughly constant at ϳ40 mm −1 . The average distance for the power transfer estimated from the supermode theory agrees with the simulation results. In sum, if we use an exponentially shaped taper longer than 50 m as well as the improved III-V wafer design, we can have at the main body ⌫ act = 0.343 and at the output facet ⌫ Si Ͼ 0.855. In the evanescent lasers, due to the trade-off between these two factors, a typical set of values are ⌫ act = 0.067 and ⌫ Si = 0.757. Thus, the average modal gain of the proposed supermode hybrid laser can be ϳ5 times higher than that of the evanescent laser, with also a higher output coupling efficiency. This implies that the supermode laser can be ϳ5 times shorter.
Finally, we discuss the important issue of tolerance of misalignment of the two waveguides. As mentioned before, the modal power distributions depend on the parameters ␦ and . If we consider the effect of only an offset of the Si waveguide from its designed center position, we do not expect a large change in ␦ and , since ␤ a and ␤ b do not change, and the changes in , M a , and M b are very small for the waveguide sizes considered. Figure 5 plots the calculated confinement factors in the III-V and the Si waveguides and also the mismatch parameter ␦ at the phase-matching point as a function of the offset of the Si waveguide. We find that even if the Si waveguide is moved to one edge of the III-V waveguide, ±1.2 m misaligned from the center, more than 30% of the energy still resides in the III-V waveguide.
In summary, we analyzed the supermode Si/ III-V hybrid waveguide structure for laser oscillation. We discussed several issues in engineering this hybrid system by the supermode formalism. By optimally designing and controlling the lasing supermode behavior in the resonator, the modal gain can be increased by a factor of 5 compared with that in the Si evanescent lasers, while maintaining a high output coupling efficiency. An alignment accuracy of ϳ1 m can be tolerated. The supermode approach can also be extended to the design of other hybrid optical functional devices, such as an optical amplifier, phase or amplitude modulators, and coupled resonator waveguide systems.
